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Abstract
The Super-Kamiokande atmospheric neutrino data suggest existence of the large
lepton-flavor violating (LFV) interaction in the higher energy scale. If the minimal
supersymmetric standard model is extended to have right-handed neutrinos, the
left-handed sleptons in the second and third generations are expected to have the
LFV masses in the minimal supergravity scenario. In this article we study the LFV
signals in the left-handed slepton production at µ+µ− colliders and e+e− linear
colliders (LC’s), µ+µ−(e+e−)→ τµ+4jets+ 6E and µ+µ−(e+e−)→ τµl+2jets+ 6E.
The main background comes from decay of a tau lepton into a muon in the lepton-
flavor conserving slepton pair production. They are significantly reduced by the
energy and the impact parameter cuts for the muon. At µ+µ− colliders (LC’s) it
may be possible to reach the mixing angle sin 2θν˜
>∼ 0.1(0.5) and the mass difference
∆mν˜
>∼ 0.1(0.4) GeV for the sneutrinos in the second and third generations at the
statistical significance of 3σ. Such small mass difference and a mixing angle may be
induced radiatively even if the Yukawa coupling constant for the tau neutrino is of
the order of 0.1.
1 Introduction
The Super-Kamiokande collaboration has reported evidence that the atmospheric neu-
trino anomaly is indeed due to neutrino oscillation [1]. This phenomenon is lepton-flavor
violating (LFV), and it is the first convincing signature beyond the standard model (SM).
From the zenith-angle dependence of νe and νµ fluxes following neutrino mass square
difference and a mixing angle are favored,
∆m2νµνX ≃ (5× 10−4 − 6× 10−3)eV2,
sin2 2θνµνX > 0.82. (1)
Provided mass hierarchy mντ ≫ mνµ ≫ mνe it is natural to consider νX = ντ while the
solar neutrino deficit is explained by the MSW [2] or the vacuum oscillation between νµ
and νe. This is also consistent with the result of the CHOOZ experiment [3]. Thus, the
atmospheric neutrino anomaly implies a non-vanishing neutrino mass,
mντ ≃ (0.02− 0.08)eV. (2)
The simplest model to generate the neutrino masses is the seesaw mechanism [4]. The
neutrino mass Eq. (2) leads to the right-handed neutrino masses below ∼ (1014 − 1015)
GeV, even if the Yukawa coupling constant of the right-handed neutrino is of the order
of 1. This means that a LFV interaction between the second and third generations exists
below the gravitational scale (MG ∼ 1018GeV).
The supersymmetric (SUSY) extension of the standard model (MSSM) is also one of
the most promising model beyond the SM [5]. It is one of the solutions to the naturalness
problem for the Higgs mass. The SUSY breaking masses for sleptons in the MSSM are
sensitive to the physics beyond the MSSM if they are originated from the hidden sector
in the minimal supergravity (that is, the minimal supergravity scenario). In particular, if
the LFV interaction exists below the gravitational scale, the radiative correction generates
the LFV masses for sleptons, and this predicts the LFV processes at low energy, µ→ eγ,
τ → µγ, and so on [6]. Many studies have been done for them [7][8][9][10][11][12]. The
large mixing between νµ and ντ suggests the large mixing between the left-handed sleptons
in the second and third generations (µ˜L and τ˜L, and ν˜µ and ν˜τ ) in the minimal supergravity
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scenario. One of the predictions is τ → µγ. However, the future experiments may not
reach to the expected branching ratio due to the low sensitivity [12].
In this article, we study an alternative way, search for the LFV in the left-handed
slepton production at future lepton colliders, such as the e+e− linear colliders (LC’s) and
µ+µ− colliders. When the left-handed sleptons in the second and third generations have
the LFV masses, the signatures are following,
1) e+e−(µ+µ−) → ν˜ν˜c or l˜+l˜− → τµ + 4jets+ 6E,
2) e+e−(µ+µ−) → ν˜ν˜c → τµl + 2jets+ 6E,
3) e+e−(µ+µ−) → l˜+ l˜− → τµll + 2jets+ 6E, (3)
with (l = e, µ, τ). The jets and additional leptons in the final states come from the
decay of the wino-like chargino and neutralino, into which the left-handed sleptons decay
dominantly if the decay modes are open. We find that for the one year of the proposed LC
(µ+µ− collider) run, it may be possible to reach the mixing angle sin 2θν˜ >∼ 0.5(0.1) and the
mass difference ∆mν˜
>∼ 0.4(0.1)GeV for the sneutrinos in the second and third generations
at the statistical significance of 3σ. Such small mass difference and a mixing angle may be
generated radiatively even if the Yukawa coupling constant of the tau neutrino is almost
as large as that of the tau lepton at low tanβ (fντ ∼ 0.1). We may observe the LFV
processes at future colliders if the large mixing of neutrinos originates from the large
mixing of the neutrino Yukawa coupling constants.
Searching for these signals has some advantages. First, these processes are at tree level
while τ → µγ is a one-loop process. This means that we do not need so high statistics
compared with τ → µγ. Also, even if the sleptons are degenerate in the masses, the
cross sections for the signals are suppressed by at most ∆ml˜/Γl˜ with the mass difference
of the sleptons ∆ml˜ and the total width Γl˜ [13][14]. This dependence comes from the
interference among the real slepton productions in the above signals. The decay widths
for the left-handed sleptons are about 1GeV. On the other hand, τ → µγ is strongly
suppressed by ∆ml˜/m¯l˜ where m¯l˜ is the average of the slepton masses, since only the
virtual slepton exchange contributes to it.
Second, these signals are almost free from the SM backgrounds (BG’s) since they
have two or more jets and two or more leptons with different flavors in the final states
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due to the cascade decays of the SUSY particles. It is shown in Ref. [15] that for the
electron sneutrino production at LC’s, eeµ+2jets+ 6E is BG free. In the previous works
[13][14][16][17][18] only the LFV signal in the slepton production sequel to decay into the
LSP directly is studied.
Third, in µ+µ− colliders the cross section for muon sneutrino production reaches to
1pb, and we may get statistics enough for search and study of the LFV in the sneutrino
masses. The sneutrino mass matrix is determined by only the SUSY breaking mass
parameters for the left-handed sleptons, while that for the charged sleptons depends
on them and the other parameters. Then, we can extract information on the SUSY
breaking mass parameters for the left-handed sleptons directly from the signal through
the sneutrino production, µ+µ− → τµl + 2jets+ 6E.
Contents of this article are following. In the next section, we discuss the origin of
the large mixing suggested from the Super-Kamiokande result, and review the radiative
generation of the LFV masses for the left-handed sleptons in the seesaw mechanism.
In Section 3 the formula of the cross sections for the LFV signals in a case where the
left-handed sleptons have the LFV masses, and the signal cross sections are given for a
representative parameter set. In Section 4 we discuss the BG’s for the signals. The main
BG’s come from lepton-flavor conserving ν˜τ or τ˜L pair production, since τ can decay into
µ. We show that the cuts on the energy and the impact parameter (IP) are useful to
separate the primary muon from the slepton decay and the secondary muon from the tau
decay. Also, we show the significance of the signals over the BG’s in LC and muon collider
experiments. Section 5 is Conclusion and Discussion. Appendices A and B are for our
convention for the MSSM Lagrangian. In Appendix C we show the matrix elements for
the slepton production and the decay. In Appendix D the three-body decay widths for
the charginos and neutralinos are given. In Appendix E we present the formula of the
energy and IP distribution for muon from the tau decay.
3
2 Radiative generation of the LFV slepton masses in
the seesaw mechanism
In this section, we will discuss the origin of the large mixing angle for the atmospheric
neutrino observation, and explain the radiative generation of the LFV masses for the left-
handed sleptons. Assuming that the atmospheric neutrino observation comes from the
oscillation between νµ and ντ , the Super-Kamiokande result for the atmospheric neutrino
may mean existence of the large mixing between the second and third generations in the
Yukawa coupling for the neutrinos. In this case, the mixing generates the LFV masses in
τ˜L-µ˜L and ν˜τ -ν˜µ radiatively in the minimal supergravity scenario,
The MSSM with the right-handed neutrinos (MSSMR) is the simplest supersymmetric
model to explain the neutrino masses. The superpotential of the lepton sector is given as
WMSSM+νR = fνiH2N
c
i Li + fliU
†
DijH1E
c
iLj +
1
2
MijN
c
iN
c
j , (4)
where L is left-handed leptons, and N c and Ec are right-handed neutrinos and charged
leptons.1 H1 and H2 are the Higgs doublets in the MSSM. Here, i and j are generation
indices. A unitary matrix UD is similar to the Cabibbo-Kobayashi-Maskawa (CKM)
matrix in the quark sector. After the right-handed neutrinos are integrated out, the mass
matrix for the left-handed neutrinos is given as
(mνL)ij = mνiD
[
M−1
]
ij
mνjD
≡ UTMikmνkUMkj, (5)
where UM is a unitary matrix and
mνiD = fνiv sin β/
√
2, (6)
where 〈H2〉 = (0, v sin β/
√
2)T with v ≃ 246GeV. We assume mντ ≫ mνµ ≫ mνe to
explain the atmospheric and the solar neutrino observations naturally, and we consider
only the tau and muon neutrino masses here.2 Also, we assume that the Yukawa coupling
1 We represent superfields in capital letters, and the components in small letters.
2 We keep three generation indices in our numerical calculation though we neglect indices for the first
generation here.
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and the Majorana masses for the right-handed neutrinos are real for simplicity. We
parameterize two unitary matrices as
UD =
(
cos θD sin θD
− sin θD cos θD
)
, UM =
(
cos θM sin θM
− sin θM cos θM
)
. (7)
The angle between νµ and ντ is related to θD and θM by
θνµντ = θD + θM . (8)
However, in order to derive large θM we need to fine-tune the independent Yukawa coupling
constants and the mass parameters as explained below. The neutrino mass matrix (mνL)
in the second and third generations is written explicitly by
(mνL) =
1
1− M2µτ
MµµMττ


m2νµD
Mµµ
−mνµDmντD
Mµτ
M2µτ
MµµMττ
−mνµDmντD
Mµτ
M2µτ
MµµMττ
m2ντD
Mττ

 . (9)
Then, if the following relations are imposed, the neutrino mass hierarchy mντ ≫ mνµ and
θM ≃ pi/4 can be derived,
m2ντD
Mττ
≃ m
2
νµD
Mµµ
≃ mνµDmντD
Mµτ
. (10)
We need some mechanism to explain the relation among the independent coupling con-
stants and masses. Also, if mντD ≫ mνµD, similar to the quark sector, the mixing angle
θM is suppressed as
tan 2θM ≃ −2
(
mνµD
mντD
)(
Mµτ
Mµµ
)
, (11)
as far as the Majorana masses for right-handed neutrinos do not have stringent hierarchical
structure as Eq. (10). Therefore, in the following discussion we assume that the large
mixing angle between ντ and νµ comes from θD.
In the minimal supergravity scenario the LFV masses for the left-handed sleptons may
be induced radiatively if the MSSM is extended to have the right-handed neutrinos [10].
The SUSY breaking part of the lepton sector in the MSSMR is given as
− Lsoft = (m2L˜)ji l˜†iL l˜Lj + (m2e˜)ij e˜∗Rie˜jR + (m2ν˜)ij ν˜∗Riν˜jR
+(Aijl h1e˜
∗
Ri l˜Lj + A
ij
ν h2ν˜
∗
Ri l˜Lj +
1
2
bij ν˜
∗
Riν˜
∗
Rj + h.c.), (12)
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where terms in the first line are the SUSY breaking masses for the left-handed and the
right-handed sleptons, and those in the second lines are the SUSY breaking terms associ-
ated with the supersymmetric Yukawa couplings and masses. In the minimal supergravity
scenario the SUSY breaking parameters at the gravitational scale (MG) are
(m2L˜)
j
i = (m
2
e˜)
i
j = (m
2
ν˜)
i
j = m
2
0δ
i
j , (13)
Aijν = f
ij
ν a0 m0, A
ij
l = f
ij
l a0 m0, (14)
bij =Mijb0. (15)
These relations for the SUSY breaking parameters are unstable for the radiative correc-
tion, and the LFV masses for the left-handed sleptons are generated by the LFV Yukawa
interaction for the neutrinos. Here, we assume that the Yukawa coupling constants for
right-handed neutrinos in Eq. (4) have hierarchical structure (fντ ≫ fνµ ≫ fνe). In this
case, the Yukawa interaction reduces only (m2
L˜
)ττ at the right-handed neutrino scale (MνR)
as
(m2
L˜
) =
(
m¯2
m¯2 −∆m2
)
. (16)
We consider only the left-handed slepton masses in the second and third generations here,
again. Here m¯2 is evaluated by one-loop level renormalization group (RG) equations as
m¯2 = m20 +
3
2
M22 (MνR)

( g22(MG)
g22(MνR)
)2
− 1

+ 1
22
M21 (MνR)

( g2Y (MG)
g2Y (MνR)
)2
− 1


(17)
where M2 and M1 are the wino and bino masses. Here m¯
2 becomes larger than m20 due to
the gauge interactions. Assuming the GUT relation for the gaugino masses, m¯2 −m20 is
almost as large as square of the wino mass at the weak scale. Though we need numerical
calculation in order to evaluate ∆m2 by the RG equations, it becomes
∆m2 =
1
4pi2
f 2ντ (3 + a
2
0)m
2
0 log
MG
MνR
, (18)
at the logarithmic approximation of one-loop level. In Eq. (18) we ignore the radiative
correction by the Yukawa couplings for charged leptons. The mass-square difference ∆m2
is proportional to m20.
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Below the right-handed neutrino scale, it is convenient to take basis of lepton where
the Yukawa coupling constants for charged leptons are diagonal,
WMSSM = fliH1E
c
iLi +
2mνk
v2 sin2 β
(UMUD)ki(UMUD)kjLiLjH2H2, (19)
so that the supersymmetric Yukawa couplings are lepton-flavor conserving. In this basis,
(m2
L˜
) becomes
(m2
L˜
) = U †D
(
m¯2
m¯2 −∆m2
)
UD. (20)
The LFV off-diagonal terms in (m2
L˜
) are controlled by UD and ∆m
2/m2. It is important
that if the m0 is comparable to or smaller than M2 and M1, the LFV in the left-handed
slepton mass matrix is suppressed.
Similarly, the radiative correction generates the off-diagonal components of Al. Since
Al is proportional to the charged lepton Yukawa coupling constants, it is not relevant to
our following discussion.
We parameterize sneutrino mass matrix by sin 2θν˜ and mass splitting between two
non-electron sneutrinos ∆mν˜ as
(mν˜) =
(
cos θν˜ − sin θν˜
sin θν˜ cos θν˜
)(
m¯2ν˜ 0
0 (m¯ν˜ −∆mν˜)2
)(
cos θν˜ sin θν˜
− sin θν˜ cos θν˜
)
. (21)
They are shown as functions of the right-handed neutrino mass scale in Fig. (1). This
is derived by solving the RG equations at one-loop level numerically.3 Here, we take
m2ντ = 0.005 eV
2, θD = pi/4, m¯ν˜ = 180GeV, and tan β = 3, 10, 30. For simplicity, the
gaugino masses in the MSSM are given by the GUT relation, and the lightest chargino
mass is fixed to 100GeV. If fτ is negligible, ∆mν˜ depends on f
2
ντ (or the right-handed
neutrino scale, MνR = f
2
ντv
2 sin2 β/2mντ ) and θν˜ is almost as large as θD. On the other
hand, when fτ is larger than fντ , θν˜ becomes smaller since ∆mν˜ is determined by fτ , not
fντ . Notice that the magnitude of the LFV processes depends on sin 2θν˜∆mν˜ . In both of
the region sin 2θν˜∆mν˜ is almost proportional to f
2
ντ (or MνR), and it is not so sensitive
to fτ (or tan β). For MνR
>∼ 1012GeV (which corresponds to fντ >∼ fτ and tanβ ≥ 3) we
can see sin 2θν˜∆mν˜
>∼ 0.1GeV in the plot. This region may be accessible in future lepton
colliders as we will show later.
3 Detailed formulae are given in Ref. [12].
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In Fig. (2) the branching ratio of τ → µγ in this model is shown. The parameters in
this figure are the same as in Fig. (1). At large tanβ the branching ratio of τ → µγ is
enhanced, and the line for tanβ = 30 can reach to the present experimental bound [19].
This is because the matrix element of τ → µγ is almost proportional to tanβ due to the
dipole structure [12]. At the B factories in KEK or SLAC the branching ratio of τ → µγ
may be probed at the level of 10−(7−8). However, they are not sensitive enough to probe
the LFV masses for sleptons in low tan β or small fντ . It is important to search for the
LFV by direct production of the left-handed slepton in future colliders.
3 Cross Sections for the LFV processes in lepton col-
lisions
In this section we present the formula for the cross sections of the LFV processes induced
by the productions of the left-handed sleptons in the second and third generations, and
show the expected cross sections of the LFV events.
The characteristic LFV signals depend on SUSY particle mass spectrum. In this
article we take the SUSY particle mass spectrum expected in the minimal supergravity
scenario. In the scenario it is expected that the LSP is the bino-like neutralino (χ˜01), and
that the second lightest neutralino (χ˜02) and the lightest chargino (χ˜
−
1 ) are wino-like. The
LFV signals depend on whether the left-handed sleptons are heavier or lighter than the
wino-like chargino and neutralino.
• Case. (I): ml˜L , mν˜ > mχ˜−1 , mχ˜02
In this case the left-handed sleptons are heavy enough to decay into two-bodies,
the wino-like chargino or neutralino and lepton. The signals are τµ + 4jets+ 6 E,
τµl + 2jets+ 6 E, and τµll + 2jets+ 6 E (l = e, µ, τ), where the missing energy 6 E
comes from the LSP’s. The main standard model BG comes from the Z0W+W−
production process, and the BG cross section is small. The significance of the signal
for the BG’s may be large if the sleptons have the sizable LFV masses.
• Case. (II): ml˜L , mν˜ < mχ˜−1 , mχ˜02
The left-handed sleptons decay dominantly into the LSP. The signal is τµ+ 6 E,
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which comes from the charged slepton pair production. The main SM background
comes from theW boson pair production, which reaches to at least several fb in LC’s
even after the cuts. Then, it is hard to get significant signal over the background in
LC’s. We will need efforts on reducing the background in order to study this case in
LC’s. Also, in our model the LFV tends to be suppressed since the gaugino masses
at the gravitational scale are larger than m0 to realize this mass spectrum. Muon
colliders may give a chance to study the LFV even in this case since the left-handed
smuon pair production cross section may reach to 100fb due to t-channel neutralino
exchange. In this article we do not study this case further since in the MSSM and the
minimal supergravity scenario there is no region for ml˜L, mν˜ < mχ˜−1
, mχ˜0
2
< 250GeV
and tanβ <∼10, allowed by the experimental constraints.4
Let us present formula for the cross section of τ+µ− + χ˜−Aχ˜
+
B (A,B = 1, 2) through
the sneutrino pair production in lepton collisions with the center-of-mass energy
√
s. The
subsequent decays of charginos lead to the signals τ+µ− + 4jets+ 6 E and so on. The
amplitude of this process is given as [14]
M = ∑
X,Y
MXY (k2, k¯2)
× i
k2 −m2ν˜X + imν˜XΓν˜X
MXBµ(k2)× i
k¯2 −m2ν˜Y + imν˜Y Γν˜Y
M†Y Aτ (k¯2), (22)
where X and Y are indices for the mass eigenstates of sneutrino. The momenta k and k¯
are for the sneutrino and the anti-sneutrino. Here, MXY and MXAi are amplitudes for
production of the X-th and the Y -th off-shell sneutrinos and that for the X-th off-shell
sneutrino decay into A-th chargino and i-th lepton. The explicit formulae are given in
Appendix C.5 From this equation, we get the cross section as
σ =
∫
AXX′(k
2)dk2
∫
AY Y ′(k¯
2)dk¯2
× ∑
XY X′Y ′
σXY X′Y ′(k
2, k¯2)× BrXX′Bµ(k2)× BrY Y ′Aτ (k¯2). (23)
4 We include a constraint from b→ sγ which excludes the large region for µ < 0 [20].
5 Here, we omit the indices for the helicities of the initial beams while we show them explicitly in
Appendix C.
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Here the off-shell sneutrino pair production cross section (σXY X′Y ′(k
2, k¯2)) and the branch-
ing ratio for off-shell sneutrino decay to the A-th chargino (BrXY Ai(k
2)) are
σXY X′Y ′(k
2, k¯2) ≡
∫
1
2s
MXY (k2, k¯2)M†X′Y ′(k2, k¯2)dΩ2, (24)
BrXYAi(k
2) ≡
∫
1
2[mΓ]ν˜X ν˜Y
MXAi(k2)M†Y Ai(k2)dΩ2, (25)
where [mΓ]XY = (mν˜XΓν˜X +mν˜Y Γν˜Y )/2, and dΩ2 is the two-body phase space integral.
The function of the momentum for the sneutrino AXY (k
2) is
AXY (k
2) ≡ 1
2pi
2[mΓ]XY
(k2 −m2ν˜X + imν˜XΓν˜X)(k2 −m2ν˜Y − imν˜Y Γν˜Y )
. (26)
For numerical calculations, we take only singular parts in this function as
AXY (k
2) =
1
1 + ix
(ν˜)
XY
δ(k2 −m2ν˜X ) + δ(k2 −m2ν˜Y )
2
, (27)
where
x
(ν˜)
XY ≡
m2ν˜X −m2ν˜Y
2[mΓ]XY
. (28)
This function gives correct cross section in the interference region m2ν˜X −m2ν˜Y <∼ 2[mΓ]XY
and the decoherent region m2ν˜X −m2ν˜Y ≫ 2[mΓ]XY . In order to evaluate the cross section
in the intermediate region, we have to calculate the full one-loop correction to this process.
However, that is out of scope of our paper.
By repeating the above procedure, we can get the cross sections for τ+µ− + χ˜0Aχ˜
0
B
(A,B = 1− 4) through the charged slepton pair production. Finally, we need to multiply
the branching ratios of charginos and neutralinos to the cross sections in order to get the
cross sections for the LFV signals, such as τ+µ−+4jets+ 6E. We present the formula for
the decay widths of charginos and neutralinos in Appendix D.
Now, we present the cross sections of the signals at LC’s and µ+µ− colliders. First, we
discuss them in LC’s. In Fig. (3) we present the cross section of τ+µ−+ χ˜−1 χ˜
+
1 induced by
the sneutrino pair production and that of τ+µ−+χ˜02χ˜
0
2 induced by the charged slepton pair
production. The horizontal line is the mass splitting between two non-electron sneutrinos
(∆mν˜) and the vertical line is the mixing angle (sin 2θν˜). Here, we take the center-of-mass
energy 500GeV, the heaviest sneutrino (charged slepton) mass 180(194) GeV, the lightest
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chargino mass 100GeV and tanβ = 3. For simplicity, we assume only the MSSM here,
and the other SUSY particle masses are determined by the minimal supergravity scenario
with the GUT relation for the gaugino masses and the radiative breaking condition of
SU(2)L×U(1)Y with the Higgsino mass (µ) positive. For this sample parameter set the
wino-like neutralino and the left-handed smuon masses are given in Table (1). In Tables (2)
and (3), we show the charged slepton and the sneutrino pair production cross sections in
the LC and the branching ratios in the limit of zero flavor mixing. In order to obtain
the signal cross sections for τ+µ− + 4jets+ 6 E and so on, the branching ratios of the
chargino and the neutralino should be known precisely. Since they depend on details of
the SUSY breaking mass spectrum, they should be determined experimentally. We present
the branching ratios of the wino-like chargino and neutralino in the above assumption in
Table (4).
The widths of sleptons are about 1.2 GeV. The signal cross sections are not strongly
suppressed if the mass difference ∆mν˜
>∼ 1 GeV as can be seen from Fig. (3). Therefore it
may be possible to search for the LFV experimentally even if the mass difference ∆mν˜ ≃ 1
GeV.
In Fig. (3), the cross sections of τ+µ−+ χ˜−1 χ˜
+
1 and τ
+µ−+ χ˜02χ˜
0
2 are comparable. The
reason can be understood from the charged slepton and sneutrino pair production cross
sections in e+e− collisions and the branching ratios in the limit of zero flavor mixing in
Tables (2) and (3). The production cross sections for µ˜L and τ˜L are larger than those for
ν˜µ and ν˜τ since µ˜L and τ˜L have QED charges. On the other hand, since χ˜
−
1 and χ˜
0
2 are
wino-like, the left-handed sleptons decay mostly to χ˜−1 and χ˜
0
2, and Br(f˜ → f ′χ˜±) is larger
than Br(f˜ → fχ˜02) (see Table (3)).6 Then, the cross section for τ+τ−(µ+µ−) + χ˜−1 χ˜+1 is
comparable to that for τ+τ−(µ+µ−) + χ˜02χ˜
0
2 in the limit of zero flavor mixing. When µ˜L
and τ˜L, ν˜µ and ν˜τ have sizable mass difference, the cross section for τ
+µ− + χ˜−1 χ˜
+
1 from
the sneutrino production may reach to 2.8fb, and that for τ+µ− + χ˜02χ˜
0
2 goes to 2.3fb at
tan β = 3. Then, from Table (4), the cross sections for the signals are given approximately
6 In pure wino limit Br(f˜ → f ′χ˜±) : Br(f˜ → fχ˜02) ∼ 2 : 1. However, in Table (3) the left-
handed charged slepton decay into χ˜01(χ˜
0
2) is suppressed (enhanced) while the sneutrino decay into χ˜
0
1(χ˜
0
2)
is enhanced (suppressed). This comes from interference between wino- and bino-components in the
neutralinos.
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as
σ(τ+µ− + 4jets+ 6E) ≃ 2χν˜(3− 4χν˜) sin2 2θν˜ × 1.2fb,
σ(τ+µ−l± + 2jets+ 6E) ≃ 2χν˜(3− 4χν˜) sin2 2θν˜ × 0.22fb,
σ(τ+µ−l+l− + 2jets+ 6E) ≃ 2χν˜(3− 4χν˜) sin2 2θν˜ × 0.15fb, (29)
where χν˜ is given as
χν˜ ≡ (x
(ν˜)
12 )
2
2(1 + (x
(ν˜)
12 )
2)
. (30)
Next, in Fig. (4) we show the cross sections of τ+µ− + χ˜−1 χ˜
+
1 and τ
+µ− + χ˜02χ˜
0
2 when
tan β = 10. The other parameters are the same as in Fig. (3). The cross section of τ+µ−+
χ˜02χ˜
0
2 induced by the charged slepton pair production is drastically changed compared to
that for tanβ = 3, while that of τ+µ− + χ˜−1 χ˜
+
1 induced by the sneutrino pair production
is not so.
The nontrivial dependence on ∆mν˜ can be explained by the left-right mixing term of
the stau’s. The charged slepton mass matrix among µ˜L, τ˜L, and τ˜R is given by
 m
2
L22 m
2
L23 0
m2L32 m
2
L33 m
2
LR33
0 m2LR33 m
2
R33

 , (31)
where m2LR23 is ignored. Each component is given in Appendix B. As explained in Sec-
tion 2, m2L22
>∼m2L33>∼m2R33 is expected in the minimal supergravity scenario, as far as
the strong Yukawa coupling for neutrino does not reduce m2L33 below m
2
R33. After di-
agonalizing the submatrix for the left-handed and right-handed stau’s, this mass matrix
becomes 

m2L22 m
2
L23 cos θτ˜ −m2L23 sin θτ˜
m2L23 cos θτ˜ m
2
τ˜2 0
−m2L23 sin θτ˜ 0 m2τ˜1

 , (32)
where mτ˜1 and mτ˜2 are masses of the stau’s and θτ˜ is the mixing angle. They are given as
m2τ˜1/2 =
1
2
(
m2L33 +m
2
R33 ∓
√
(m2L33 −m2R33)2 + 4(m2LR33)2
)
,
tan 2θτ˜ =
2m2LR33
m2L33 −m2R33
. (33)
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When (m2L33−m2R33), which is almost as large as square of the wino mass in the minimal
supergravity scenario, is larger than |m2LR33|, the stau masses are given as
m2τ˜1/2 = m
2
R33/L33 ∓
(m2LR33)
2
m2L33 −m2R33
. (34)
If the left-right mixing for stau’s (m2LR33) is negligible, τ˜2 is lighter than µ˜L with finite
∆mν˜ . However, when the Higgsino mass or tan β is larger, |(m2LR33)| is non-negligible,
and τ˜2 is larger. If τ˜2 becomes more degenerate in the masses with µ˜L, the mixing angle is
enhanced. The cross section is maximum when m2L22 −m2L33 ≃ (m2LR33)2/(m2L33 −m2R33),
which corresponds to ∆mν˜ ≃ 4 GeV in Fig. (4). If the Higgsino mass or tanβ is much
larger and |m2L33 −m2R33| is smaller than |m2LR33|, the stau masses become
m2τ˜1/2 =
1
2
(m2L33 +m
2
R33)∓ |m2LR33|. (35)
In this case degeneracy between masses of τ˜2 and µ˜L is more accidental, and usually the
mixing is reduced effectively [18]. This kind of behavior does not exist in the sneutrino
production since the right-handed partners for neutrino decouple at low energy. We can
extract directly the information on the LFV in the SUSY breaking mass terms for the left-
handed sleptons by studying the signal τµl + 2jet+ 6E induced by sneutrino production.
Finally, we discuss the cross section for the signal at µ+µ− colliders. The production
cross sections for left-handed sleptons in the second generation are much larger than the
others due to t-channel exchanges of charginos or neutralinos. In Table (5) we show the
production cross sections for slepton at µ+µ− colliders in the limit of zero flavor mixing.
Here, we take the sample parameter set for tan β = 3 in Table (1). The ν˜µ pair production
cross section reaches to almost 1pb. On the other hand, that for µ˜L is at most 150fb.
The destructive interference between t- and s-channels reduces production of µ˜L while
the constructive interference enhances the production cross section for ν˜µ.
In Fig. (5) we show the cross sections for τ+µ− + χ˜−1 χ˜
+
1 by sneutrino production and
τ+µ− + χ˜02χ˜
0
2 by the charged slepton production at µ
+µ− colliders. The parameter set
is the same as in Fig. (3). The cross section for τ+µ− + χ˜−1 χ˜
+
1 by the sneutrino pair
production reaches to about 75fb with full mixing, while that for τ+µ− + χ˜02χ˜
0
2 by the
charged slepton slepton is at most 5.6fb due to the destructive interference. As a result,
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the cross sections for the signals are approximately
σ(τ+µ− + 4jets+ 6E) ≃ 4χν˜ sin2 2θν˜ × 30fb
σ(τ+µ−l± + 2jets+ 6E) ≃ 4χν˜ sin2 2θν˜ × 6fb,
σ(τ+µ−l+l− + 2jets+ 6E) ≃ 4χν˜ sin2 2θν˜ × 0.4fb. (36)
Here, we assume the t-channel dominance in the production processes and we take a small
LFV limit. Compared to the cross sections at LC Eq. (29), the signal cross sections at
µ+µ− collider is larger by one order of magnitude. A µ+µ− collider is a powerful tool to
study the LFV in the second generation.
4 Detecting the LFV at future e+e− and µ+µ− colliders
4.1 Overview of signals and backgrounds
In this section, we discuss the detection of the LFV due to the τ˜L − µ˜L or the ν˜τ − ν˜µ
mixing in τµ + 4jets and τµl + 2jet modes with 6E. The branching fractions to the two
modes are large, therefore they are good for the LFV study at future lepton colliders. The
former signal is simple involving only two leptons in the final state, however, the mode
receives the contribution from both the left-handed charged slepton and the sneutrino
productions. The mixing structure of the charged sleptons is complicated involving the
left-right mixing of stau’s; In the previous section we saw tanβ dependence of the signal.
The latter mode receives the contribution only from ν˜ production, while the signal tends
to be diluted due to the third lepton l. The signal τµll + 2jets+ 6E is clean, though we
do not discuss it in detail here since the cross section is small.
The tau lepton pair production in the SM processes generally provides background for
τ˜ -µ˜ and ν˜τ -ν˜µ mixings. For example, Z
0W+W− production can be a background when
Z decays into τ+τ− and one of the two tau leptons decays into µ. The production cross
section of Z0W+W− is about 15 fb if we require central production of gauge bosons;
| cos θV | < 0.8 [21]. Therefore, σ(l+l− → Z0(→ ττ → µτ)W+W−) = 0.17fb. For our
sample parameter set for tanβ = 3, χ˜−1 and χ˜
0
2 do not decay into an on-shell W or
Z boson, therefore we ignore this background completely, assuming jet invariant mass
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cuts.7 Another background is τ+τ−W+W− production where the tau lepton pair comes
from initial state radiation or bremsstrahlung. The tau leptons typically have very low
transverse momenta, and they can be rejected by requiring large PT [22] to the τ candidate
leptons or jets.
Rejecting backgrounds from the SUSY particle productions is also important for the
LFV study. For e+e− colliders, the decay of sneutrino (left-handed charged slepton) pairs
into τ−χ˜+1 (τ
−χ˜02), would be important backgrounds. Decay of one of two τ ’s into µ
produces µτX events; 17% of decaying τ ’s into µ. If we cannot reject the muon, and tau
leptons are identified by only the hadronic decay (Br(τ → hadrons) = 64%), detection
of the LFV at e+e− colliders may not be very promising. When 500 ττX events are
produced, 500 × 0.64 × 0.17 × 2 ∼ 110 events of them will be the background τµX
candidates for 100 % acceptance. Then 3σ discovery of l˜+l˜− or ν˜ν˜c → τµX requires more
than
√
110/Br(τ → hadron) × 3 ∼ 50 signal productions; S/N is 0.52. We need to find
cuts to eliminate the background from τ → µ and/or to increase τ acceptance to study
the LFV phenomena at e+e− colliders. In Section 4.2 we discuss cuts on the muon energy
Eµ and the impact parameter σIP (distance between the µ track to the interaction point),
and estimate the probability to misidentify µ from l˜ → τ as l˜ → µ under the cuts. The
sensitivity for sin 2θν˜ and ∆mν˜ will be discussed in Section 4.3 for the τµ+ 4jets mode.
For µ+µ− colliders, study of the LFV would be easier because of the ν˜µν˜cµ and µ˜
+µ˜−
productions dominate over the ν˜τ ν˜
c
τ and τ˜
+τ˜− productions in the limit of the small LFV. In
Section 4.3, we will compare the experimental sensitivity for the LFV at µ+µ− colliders
to that at e+e− colliders. Because large statistics is expected for µ+µ− colliders, we
discuss the detection of the LFV in τµl+2jets mode. Some modes are masked by SUSY
backgrounds such as µ+µ− → ν˜ν˜c → µ+νµχ˜02(→ τ+τ−)χ˜−1 (→ 2jets).
4.2 Energy and impact parameter cuts
In this section we discuss cuts to eliminate ττX background to τµX signal. A cut on the
muon energy Eµ must be very useful, and a cut on the impact parameter σIP is the other
7 Even if χ˜−1 (χ˜
0
2)→W−(Z0)χ˜01 is open, we can remove the background by requiring 4jet kinematics are
consistent to Z0W+W− production. hWW production with h→ τ+τ− or other Higgs boson production
also must be taken into account, because the branching ratio into τ may not be negligible.
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possibility if a fine vertex detector is available.
The tau lepton decays into e−, µ−, pi−, ρ−, etc., and the lifetime is cττ = 86.93µm.
The decay distributions depend on the spin of the initial and the final particles. The
detailed discussion on that can be found in [23] and references therein.
The decay τ− → µ−ντ ν¯µ involves two neutrinos, and then Eµ is significantly softer
than that of the tau lepton. In Fig. (6), we show the energy distribution of µ from
decaying τ when the tau lepton comes from sneutrino pair production e+e− → ν˜ν˜c and
decay ν˜ → τ−χ˜+1 (ν˜c → τ+χ˜−1 ). The τ energy distribution is flat between the two end
points Eminτ and E
max
τ ,
Emax(min)τ = E
C.M.
τ (1± βτ˜ )γτ˜ , (37)
where
EC.Mτ =
m2ν˜ −m2χ˜−
1
2mν˜
. (38)
Here, β2ν˜ = 1− 4m2ν˜/s and γ2ν˜ = 1/(1− β2ν˜), and we ignore mτ . For our sample parameter
set for tanβ = 3, Emaxτ = 146 GeV and E
min
τ = 26.5 GeV. The parent τ distribution is
also shown in the plot.
The muon energy distribution has mild dependence on τ polarization Pτ , and it gets
harder as Pτ is decreased. The solid line shows the distribution for Pτ = −1, while the
dashed line shows the distribution for Pτ = 1. For the case we concern, Pτ ∼ −1; notice
that the LFV occurs due to the mixing of left-handed sleptons in our model, and χ˜−1 is
gaugino-like in the minimal supergravity scenario, therefore the tau lepton is left-handed
[24, 22].
The energy distribution for the signal µ is flat between Emaxµ and E
min
µ and the end
points are the same as Eminτ and E
max
τ . Therefore we can reduce the background τ → µ by
requiring Eµ > E
min
µ without costing signal events; 52% of µ from the τ decay remains as
the candidate of primary ν˜ → µ decay if we require Eµ > Eminµ . Though increasing Ecutµ
reduces signal, S/N would be improved considerably. For Ecutµ = 50(70) GeV, 25%(1%)
of τ → µ remains and the S/N ratio is improved by a factor of 3(90) to that without the
cut.
We now consider a cut on σIP . The measurement of the distance σIP using a vertex
detector might be useful to reduce background. The µ from the signal e+e− → l˜−l˜+ or ν˜ν˜c
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→ τµχ˜χ˜ must have a track which points back toward the interaction point. By requiring
signal event to have σIP < σ
cut
IP one can eliminate some backgrounds.
When a relativistic τ lepton is produced at an interaction point, it flies for length l
and then decays. The decay distribution may be obtained by boosting the decay distri-
bution at the τ rest frame. Let us denote the muon momentum at the τ rest frame as
(E0, p0T1, p
0
T2, p
0
//), where p
0
// is the component parallel to the boosted direction. When
p0// is large and positive, the daughter µ energy is large in the laboratory frame, namely,
by ignoring mµ,
Eµ = (βτp
0
// + E
0)γτ . (39)
The angle between µ and τ momenta in the laboratory frame is
tan θ =
|p0T |
(p0// + βτE
0)γτ
. (40)
Apparently, when the τ energy is large, θ is small. However the average τ flight length
increases proportional to γτ , typically l ∼ γτβτcττ . Therefore the measurable quantity
σIP is
〈σIP 〉 = 〈l sin θ〉
∼ cττ βτ |p
0
T |
(p0// + βτE
0)
. (41)
Notice that γτ dependence is now disappeared. In the βτ ∼ 1 limit, σIP distribution
depends only on the µ decay distribution in the rest frame. Unless βτ ≪ 1, σIP tends to
be smaller than cττ , because E
0 > |p0T |. The Eµ and σIP distributions may be obtained by
numerically convoluting the distributions for τ decaying into µ with the parent τ energy
distribution. The detailed formula is given in the Appendix E.
Fine vertex resolution might be achieved at future e+e− LC experiments. For the
JLC1 detector, a CCD vertex detector is proposed, and the impact parameter resolution
δσ is estimated as δσ = 11.4 ⊕ 28.8/pβ/ sin3/2 θ(µm) [25]. The recent NLC detector
study shows that δσ = 2.4 ⊕ 13.7/pβ/ sin3/2 θ(µm) is possible [26]. For µ+µ− colliders,
the proper configuration of the detector is still under preliminary consideration. Large
backgrounds of electrons, photons, pions, and muon’s are expected near the interaction
17
region. Because the large signal cross section is expected for muon colliders, we can expect
good experimental sensitivity to the LFV without an IP cut.
It is important to have δσIP ≪ cττ , as σIP is very likely less than cττ . Notice that
the error on the σIP is estimated about 2.5µm at Eµ ∼ Eminµ in the NLC detector. If
the interaction point is well-known, σcutIP ∼ 10µm sounds reasonable choice. One question
is if the interaction point is determined accurately enough. The particles contained in
the jets are generally softer than the parton energy, therefore the σIP resolution of each
track in the jets is less accurate. The resolution of interaction point will be determined by
combining the each track measurement. The estimation of the resolution requires detailed
detector studies, which are out of scope of this paper. Even if the interaction point cannot
be measured precisely, the beam position must be very accurately known for LC’s. One
might try to measure the distance between the µ track and the beam axis, although it
generally gives poor results than the one given here.
In Fig. (7), we show the energy distribution of µ from ν˜ → τ → µ decay requiring
σIP < σ
cut
IP = 10, 30, 50, 90µm. The background decreases as one require a tighter σIP
cut. Notice that the background is not reduced too much when Eµ is close to E
max
µ . In
such a case as |p0T | << |p0//|, the typical σIP is smaller as can be seen from Eq. (41). In
Fig. (8) we show Eµ distribution for σIP < σ
cut
IP as a ratio to Eµ distribution without the
σIP cut. We see the moderate reduction of the background in the wide range of Eµ, which
helps to improve the S/N ratio without reducing signal events. If we require σIP is less
than 10µm, the background is reduced by a factor of 6 at Eµ ∼ Eminµ .
The σcutIP cut is attractive in the sense to increase S/N without costing signal events.
In Fig. (9) we plot pµ, the probability that ν˜ production and its decay into τ is mis-
identified as ν˜ → µχ˜. We assume that µ from direct f˜ → µχ˜ decay is selected when
following conditions are satisfied;
• Eminµ < Eµ < Emaxµ ,
• σIP < σcutIP .
Isolated hard low multiplicity jets will be identified as τ . We assume all the hadronic
decay of τ are identified as τ candidates. In addition, the leptons with σIP > σ
cut
IP may
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be regarded as τ candidates, too. We define the τ identification probability pτ as
pτ = 0.64 + 0.35× p, (42)
where p is the probability that lepton from decaying τ has σIP > σ
cut
IP and El > 5 GeV.
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We show pτ in Table (6) with pµ.
Isolation cuts for the leptons and other cuts must be applied to select signal events.
They may be taken care as an overall acceptance common to ττ , µµ and τµ events. We
discuss them in the next subsection.
4.3 τµ+ 4jets mode
We first discuss τµ + 4jets mode with 6E. The mode has large branching ratio, and the
interpretation of signal is simple. In the limit of zero flavor mixing, µµ + 4jets event
will be produced around 120fb for muon colliders, and 2.5fb for e+e− colliders. The
signal τµ+4jets candidates will be selected by the Ecutµ and the IP cuts discussed in the
previous subsection, and we assume backgrounds dominantly come from τ+τ−+4jets+ 6E
production. The background can be subtracted by simultaneously measuring the cross
section.
The significance of the signal S is a function of accepted numbers of τµ + 4jets+ 6E
and ττ+4jets+ 6E events, Oτµ and Oττ . When statistics of the signal and the background
is large, we can assume Gaussian distribution and
S = Osig/δOsig, (43)
where
(δOsig)
2 = Oτµ + 4(pµ/pτ )
2Oττ . (44)
Here pµ and pτ are the µ misidentification rate and the τ identification rate discussed
before, and Osig = Oτµ −Obg, where Obg is estimated as Obg = (pµ/pτ)Oττ . The Oττ and
Osig are related to the signal cross section by
Oττ = AττpτpτNττ ,
8We need to veto soft jets or leptons to reject soft particles from jets. The hadronic τ decay product
carries a substantial fraction of τ energy when the mass of the decay products is of the order of mτ ,
therefore effect of the energy cut is small.
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Osig = Aτµpτ (Nτµ +Nµτ ), (45)
and
N
e(µ)
lilj
= L× σ(e+e−(µ+µ−)→ l˜−l˜+ or ν˜ν˜c → l+i l−j + 4jets+ 6E), (46)
where L is the integrated luminosity and Aij is the acceptance of ττ(τµ) + 4jets modes.
Notice that we add signals from the sneutrino and the charged slepton productions.
This is because mν˜ ∼ ml˜L and mχ˜02 ∼ mχ˜−1 , therefore τµ+ 4jets events from the charged
slepton and sneutrino productions have similar kinematical signature. The muon misiden-
tification rate pµ depends on primary µ criteria which is specified by the E
cut
µ and σ
cut
IP .
The energy distribution of µ from ν˜/l˜ → τ → µ depends on the charged slepton and the
sneutrino masses, and the chargino and neutralino masses, therefore pµ is a function of
those masses. However, in our model, the energy distributions of µ from different decay
chains are similar, so we choose common pµ for charged slepton and sneutrino backgrounds
to estimate the experimental sensitivity. For LC’s we take pµ = 0.02 and pτ = 0.88 for
σcutIP = 10µm. For muon colliders, we use the value without the IP cut, pµ = 0.09 and
pτ = 0.64.
The slepton mass uncertainty is removed by studying the end point energy of electron
or muon from ν˜e(µ) decay. The production cross section of ν˜e(µ) is large at e
+e− (µ+µ−)
colliders, and one can determine the masses of sneutrino and chargino very precisely by
the method in Ref. [15, 27]. The mass resolution of 2% for the ν˜ is straightforward if the
cross section is of the order of 1 pb. The e˜L and µ˜L productions should also give us the
information on the left-handed charged slepton masses.
No Monte Carlo (MC) study involving τ˜L and ν˜τ has been done. Therefore we seek for a
reasonable assumption for Aij . Those acceptances are again in principle different between
the signals from ν˜ and l˜ productions. However, we assumed that they are universal
because of the kinematical similarity of the mode. The MC study of the process τ˜+R τ˜
−
R →
τ+τ−χ˜01χ˜
0
1 has been done in Ref. [22] without assuming a vertex detector. In the paper,
the tau jets are identified by suitable multiplicity cuts, jet invariant mass cuts, and no
substantial reduction of the signal events coming from the τ identification was found.
However, the isolation cut from other jet activities for τ and µ candidates has to be
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required for our case, and it might reduce accepted events. On the other hand, the SM
backgrounds for the signal of the left handed slepton production are substantially smaller
than that for the τ˜+R τ˜
−
R production case because of the multiple jets in the final state,
and we do not need strong kinematical cuts applied in Ref. [22]. Indeed, for the ν˜ study
in Ref. [15], the acceptance is found around 50%, higher than those typical for χ˜−1 or l˜R
studies, 30%. We therefore assume 30% as the overall acceptance A to the signal.
Now we are ready to estimate experimental sensitivity for the LFV process based on
Eq. (43). In Fig. (10) we plotted the contours of constant significance corresponding to
3σ discovery in sin 2θν˜ and ∆mν˜ plain. We take the sample parameter set for tanβ = 3 in
Table (1), and parameterize the sneutrino mass matrix by sin 2θν˜ and the mass splitting
between two non-electron sneutrinos ∆mν˜ . We assume the integrated luminosity L =
50fb−1, proposed one year luminosity of LC’s. For the e+e− colliders, the experimental
sensitivity is limited by the small statistics of the signal. The parameter region with
sin 2θν˜ > 0.5 and ∆mν˜ > 0.4 GeV may be explored. However, the background is strongly
suppressed by the factor of pµ = 0.02 (corresponding to σ
cut
IP = 10µm.) Provided accidental
backgrounds (such as τ lepton off from a charm jet) can be controlled, the sensitivity may
be extended up to the region where S/N ∼ 1.(That corresponds to the region sin 2θν˜ > 0.2
and ∆mν˜ > 0.1GeV in our sample parameter).
For the case of µ+µ− collisions, the signal rate is a factor 10 larger than e+e− collisions
as shown in Table (2) and (5). Notice that S/N in the small mixing region is enhanced
due to the enhanced µ+µ− + 4jets+ 6E rate over the background τ+τ− + 4jets+ 6E rate.
The region where sin(2θν˜) > 0.1 or ∆mν˜ > 0.1 GeV can be explored for the integrated
luminosity L = 50fb−1.
4.4 τµl + 2jets modes
The signal τµ + 4jets+ 6E, which we considered in the previous section, involves many
jets in the final state. Since large fraction of the τ leptons is detected by the hadronic
decays, and the background from c → τ off the jet axis could be large. This means that
we might need very tight isolation cuts, resulting poor acceptance. Therefore it is useful
to search for the LFV in τµl+2jets modes. Notice that the process is induced by only ν˜
production as shown in Eq. (3). The detection of the LFV in these modes might provide
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clean information on the sneutrino mass matrix.
The search of τµl + 2jets modes at muon colliders would be promising, because the
production cross section for ν˜µν˜
c
µ is enhanced. The total cross section for (µ
+µ−l+2jets)
is 140 fb for our sample parameter set for tan β = 3 when the mixing is small. The
cross section for τ±µ∓l+2jets will be suppressed by a factor of sin2 2θν˜ to the large cross
section for µ+µ−l + 2jets when the sneutrino mass difference is large enough.
There are several sources of SUSY backgrounds to the signals. The sneutrino and the
charged slepton decays into neutrino cause 3l signal. The dominant one is
ν˜ν˜c → µ−ν¯ + χ˜+1 χ˜02{
χ˜+1 → 2jets+ χ˜01
χ˜02 → τ+τ− + χ˜01 (6.6fb), (47)
l˜−l˜+ → µ−ν¯ + χ˜02χ˜+1{
χ˜02 → τ+τ− + χ˜01
χ˜+1 → 2jets+ χ˜01 (2.8fb). (48)
Those are the backgrounds from the charged slepton or the sneutrino decay into µ, which
have large cross sections in the limit of the small LFV. (The production cross sections in
zero LFV limit are listed at the end of Eqs. (47,48).)
Notice that the energy distribution of µ from the primary slepton decay in Eqs. (47,48)
is similar to that of the signal, therefore it is not possible to reduce the background by
the Eµ cuts. The situation is different to the previous τµ+4jets study. For the previous
case the background can be reduced because of the soft energy spectrum of µ from the τ
decay.
Because of the background, the τ±µ∓τ∓ modes and τ±µ∓µ∓(e∓) are not promising.9 In
the limit of the small LFV, S/N for τ±µ∓τ∓ would not go too much above 1/2(sin 2θν˜)2×
σ(µ+µ−χ˜+1 (→ τ+)χ˜−1 )|no−mixing/ σ(νµ−χ˜02(→ τ+τ−)χ˜+1 )|no−mixing ∼ 1.2(sin 2θν˜)2. For
τ±µ∓µ∓ and τ±µ∓e∓ modes, the background will be suppressed by τ branching ratio
into µ or e, however, those modes are not attractive compared to the modes we discuss
below.
The modes τ±µ∓l± + 2jets (l ≡ τ, µ, e) do not suffer large background contribution
from µ∓ν(ν¯)χ˜0χ˜± production. Therefore we discuss the modes rather carefully.
9 The background τ energy distribution from χ˜0 decay may be softer than signal. However, the cut
to Eτ would not be too efficient because the energy distribution is smeared by τ decay.
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• τ+τ+µ− + 2jets mode
For τ+τ+µ− mode, the signal comes from sneutrino pair decay into τ+χ˜−1 µ
−χ˜+1 fol-
lowed by decay of χ˜+1 into τ
+νχ˜01 and that of χ˜
−
1 into 2jets+ χ˜
0
1. Those three leptons
in the final state must be identified correctly. Backgrounds are expected from
(A) µ+µ− → l˜+l˜− or ν˜ν˜c → τ+ν + χ˜02χ˜−1{
χ˜02 → τ+τ−(→ µ−) + χ˜01
χ˜−1 → 2jets+ χ˜01 (49)
and
(B) µ+µ− → ν˜ν˜c → τ+τ−(→ µ−) + χ˜+1 χ˜−1{
χ˜+1 → τ+ντ + χ˜01
χ˜−1 → 2jets+ χ˜01 (50)
with misidentification of τ− → µ− as primary µ−. The background cross sections
are small in the limit of zero slepton mixing since they are induced by the τ˜L or ν˜τ
production. If the mixing is non-zero, the t-channel chargino or neutralino exchange
contribution to them is suppressed by a factor proportional to sin2 θν˜ for (A), and
sin4 θν˜ for (B). For background (A), τ from χ˜
0
2 decay must have soft energy spectrum,
therefore µ from the τ decay, too. We assume the background (A) will be negligible
if a moderate Eµ cut is applied. The rejection of background (B) is analogous to the
τµ+ 4jets mode.
• τ+e+µ− + 2jets mode
The background from
µ+µ− → l˜+l˜− or ν˜ν˜c → τ+ν + χ˜02χ˜+1{
χ˜02 → τ+(→ e+)τ−(→ µ−) + χ˜01
χ˜+1 → 2jets+ χ˜01 (51)
is doubly suppressed by τ branching ratio into lepton, and the muon is very soft.
The misidentification of primary τ+τ− as primary τµ
µ+µ− → ν˜ν˜c → τ+τ−(→ µ−) + χ˜+1 χ˜−1{
χ˜+1 → e+νe + χ˜01
χ˜−1 → 2jets + χ˜01 (52)
would be the dominant background.
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In the limit of the small LFV, the signal dominates over the background for the above
two process. The statistics of the signal will be estimated by
S = L × 2A(p2τ + pτ )σ
(
τ+µ−χ˜+1 (→ l+)χ˜02(→ 2jets)
)
, (53)
since the background is negligible. In Section 4.2 we take pτ = 0.64 if we use only the
energy cut. Assuming t-channel dominance for the production cross section, 3σ discovery
of signal corresponds to sin 2θν˜ = 0.15 for L = 50 fb−1 and A = 0.3.
It is not clear if τ+µ−µ+ mode is usable. The background from sneutrino flavor
conserving decay
µ+µ− → ν˜ν˜c → µ+µ−χ˜±1 χ˜∓1{
χ˜±1 → τ±ν(ν¯) + χ˜01
χ˜∓1 → 2jets+ χ˜01 (23fb) (54)
is large, and would be an important background for this case. Both of the µ’s in the
background process have energy between Eminµ and E
max
µ . Therefore the cut E
soft
µ <
Eminµ < E
hard
µ , will remove the background Eq. (54) completely. The cut will remove some
signal events, and the signal acceptance depends on the decay distribution of χ˜±1 . The
background from τ+νχ˜02(→ µ+µ−)χ˜+1 (→ 2jets) may also be significant because muons
come directly from the χ˜02 decay, unlike the two modes discussed previously, while the
cross section is suppressed only by a factor of sin2 2θν˜ . To remove the background, we
may have to increase the energy cut for the harder muon. The MC simulation is needed
to obtain S/N ratio with the optimized cuts for this mode.
5 Conclusion and Discussion
In this paper we discuss the detection of the LFV expected in the MSSMR at future lepton
colliders. We assume ντ -νµ mixing inspired by the Super-Kamiokande atmospheric results.
In the model, the LFV is induced in the left-handed slepton mass matrix radiatively. As
a result, the charged sleptons and the sneutrinos in the second and third generations mix,
and the LFV may be observed by measuring the slepton production and their decay;
µ+µ−(e+e−) → ν˜ν˜c → τµχ˜+1 χ˜−1 and µ+µ−(e+e−) → l˜+l˜− → τµχ˜02χ˜02 where χ˜±1 and χ˜02
decay into leptons or jets with the LSP further.
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For e+e− colliders, the signal cross section is small because only s-channel exchange of
gauge boson is involved. The ν˜τ ν˜
c
τ (τ˜
+τ˜−) production and the decay into ττ+ χ˜+1 χ˜
−
1 (χ˜
0
2χ˜
0
2)
would be significant background if we do not veto µ from the τ decay. In this paper, we
point out that the background events would be reduced drastically by requiring Ecutµ ≥
Eminµ , where E
min
µ is the minimum muon energy for the signal events. Furthermore σIP ,
the distance of the muon track from the interaction point, can be measured precisely for
future LC detectors. Requiring σIP ≪ cττ to τµX events we can improve the S/N ratio
further. For one year of luminosity L = 50fb−1, sin 2θν˜ >∼ 0.5 and ∆mν˜ >∼ 0.4GeV may be
explored in the mode τµ+ 4jets. The experimental reach is limited by statistics only.
At µ+µ− colliders, the signal cross sections are enhanced by the t-channel exchange of
charginos or neutralinos. In the limit of the small LFV, the production cross sections for
the third generation sfermions involve only s-channel diagrams, therefore the background
is relatively suppressed. sin 2θν˜
>∼ 0.1 and ∆mν˜ >∼ 0.1GeV may be explored in the mode
τµ + 4jets without the σIP cut.
The τµ+ 4jets mode receives contribution both from the ν˜ and l˜ productions. The l˜
mass matrix is rather complicated, depending on the τ˜L-τ˜R mixing. On the other hand, the
τµl+2jets modes receive the contribution only from the sneutrino production, therefore
theoretically clean. We discussed the study of the modes at µ+µ− colliders. Unfortunately,
the half of the decay modes are masked by SUSY backgrounds.
Because the decay of the third generation sleptons involves τ leptons and jets, special
attention must be paid to the τ isolation cuts. No serious MC simulation involving τ˜L
and ν˜τ has been done so far. In this paper, we simply assumed overall acceptance of 30%.
The isolation cuts may alter the acceptance by a factor, but we expect the problem is less
severe for τµl + 2jets modes.
We did not discuss all discovery modes in this paper. For example the processes l˜l˜ →
τµχ˜02(→ ll)χ˜02(→ 2jets) must be a clean mode sensitive to the LFV in the l˜ mass matrix.
The branching ratio of the modes depends on tan β sensitively through Br(χ˜02 → 2l). We
also did not discuss the case where l˜ decays dominantly into lχ˜01 since the region where
ml˜L , mν˜ < mχ˜−1 , mχ˜
0
2
is expected to be very narrow in the minimal supergravity scenario.
In the case, the signal is τµ+ 6E . The mode suffers background from W pair production
unless high beam polarization is available in LC’s. In µ+µ− colliders the signal may be
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accessible due to the high statistics. We did not discuss τ -e mixing, which is not favored
by current experimental data for neutrinos.
Atmospheric neutrino study implies that the Yukawa sector of lepton could be com-
pletely different from that of quark. Namely large mixing is expected between the second
and third generations for lepton, while it is very small for quark mass matrix. If this
implies existence of the large LFV Yukawa interaction between the third and second gen-
erations, it leads to the LFV signal in the slepton production in the seesaw mechanism.
We emphasize that a µ+µ− collider stands as a powerful tool to explore it in future.
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A Lagrangian of the MSSM with Flavor Violations
In this Appendix, we present the Lagrangian of the MSSM. The superpotential in the
MSSM is given by
W = f ijl H1E
c
iLj + f
ij
d H1D
c
iQj + f
ij
u H2U
c
iQj + µH1H2 (55)
where Li represents the chiral multiplet of an SU(2)L doublet lepton, E
c
i an SU(2)L singlet
charged lepton, H1 and H2 two Higgs doublets with opposite hypercharge. Similarly Q,
U c and Dc represent chiral multiplets of quarks of an SU(2)L doublet and two singlets
with different U(1)Y charges. The subscripts i and j are for generation. In this article we
ignore the CKM mixing for quark sector, which is irrelevant for our discussion.
The soft SUSY breaking terms are given as
− Lsoft = (m2Q˜)ji q˜†iL q˜Lj + (m2u˜)iju˜∗Riu˜jR + (m2d˜)ijd˜∗Rid˜jR
+(m2
L˜
)ji l˜
†i
L l˜Lj + (m
2
e˜)
i
j e˜
∗
Rie˜
j
R + m˜
2
h1h
†
1h1 + m˜
2
h2h
†
2h2
+(Bµh1h2 + h.c.)
+(Aijd h1d˜
∗
Riq˜Lj + A
ij
u h2u˜
∗
Riq˜Lj + A
ij
l h1e˜
∗
Ri l˜Lj + h.c.)
+
1
2
M1B˜B˜ +
1
2
M2W˜ W˜ +
1
2
M3G˜G˜+ h.c.). (56)
Here, the first two lines are soft terms for sleptons, squarks, and the Higgs bosons, and
the third and fourth lines are those for a supersymmetric mass and Yukawa interactions,
while the last line gives gaugino mass terms.
B Interaction of SUSY particles
In this Appendix, we give our notations and conventions for masses and vertices relevant
for our calculation. First, we discuss quarks and leptons. We denote by li, ui, and di the
fermion mass eigenstates with mass mfi (f = l, u, d). As for the neutrinos, their masses
are small and negligible. In our convention, νi is the SU(2)L isodoublet partner to eLi.
Next, we consider sfermions. Let f˜Li and f˜Ri be the superpartners of fLi and fRi,
respectively. Here, f stands for l, u, or d. The sfermion mass matrix can be written in
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the following form, (
f˜ †L, f˜
†
R
)( m2L m2TLR
m2LR m
2
R
)(
f˜L
f˜R
)
, (57)
where m2L and m
2
R are (3 × 3) hermitian matrices and m2LR is a 3 × 3 matrix. These
elements are given from Eqs. (55,56) as following,
m2L = m
2
f˜L
+m2f +m
2
Zc2β(T
f
3L −Qfems2W ), (58)
m2R = m
2
f˜R
+m2f +m
2
Zc2βQ
f
ems
2
W , (59)
m2LR =
{ −Afvsβ/√2−mfµ/tβ (f = u),
Afvcβ/
√
2−mfµtβ (f = d, l), (60)
where T f3L and Q
f
em are the weak isospin and the electric charge, respectively. Here,
m2
f˜L
= m2
Q˜
for squarks, m2
f˜L
= m2
L˜
for sleptons, and m2
f˜R
is each right-handed sfermion
soft-breaking mass. The vacuum expectation values for the Higgs doublets are given as
〈h1〉 = (v cos β, 0)T and 〈h2〉 = (0, v sin β)T .10 We assume the above mass matrix to be
real. This is, in general, not diagonal, and includes mixing between different generations.
For charged sleptons and squarks, we diagonalize the mass matrix M2
f˜
by a (6 × 6) real
orthogonal matrix Uf as
UfM2
f˜
UfT = (diagonal), (61)
and we denote its eigenvalues by m2
f˜X
(X = 1, · · · , 6). The mass eigenstates are then
written as
f˜X = U
f
X,if˜Li + U
f
X,i+3f˜Ri, (X = 1, · · · , 6). (62)
Conversely, we have
f˜Li = U
fT
iX f˜X = U
f
Xif˜X , (63)
f˜Ri = U
fT
i+3,X f˜X = U
f
X,i+3f˜X . (64)
An attention should be paid to the neutrinos since the MSSM has no right-handed sneu-
trino. Let ν˜Li be the superpartner of the neutrino νi. The mass eigenstate ν˜X (X = 1, 2, 3)
is related to ν˜Li as
ν˜Li = U
ν
Xiν˜X . (65)
10 For simplicity, we denote sinβ and cosβ as sβ and cβ in equations. Similarly, sW and cW are for
the Weinberg angle, sin θW and cos θW .
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We now turn to charginos. The chargino mass matrix is given by
− Lm =
(
W˜−R H˜
−
2R
)(
M2
√
2mW cβ√
2mW sβ µ
)(
W˜−L
H˜−1L
)
+ h.c.. (66)
This matrix MC is diagonalized by (2× 2) real orthogonal matrices OL and OR as
ORMCO
T
L = (diagonal). (67)
Define (
χ˜−1L
χ˜−2L
)
= OL
(
W˜−L
H˜−1L
)
,
(
χ˜−1R
χ˜−2R
)
= OR
(
W˜−R
H˜−2R
)
. (68)
Then
χ˜−A = χ˜
−
AL + χ˜
−
AR, (A = 1, 2), (69)
forms a Dirac fermion with the mass Mχ˜−A
.
Finally we consider neutralinos. The neutralino mass matrix is given by
− Lm = 1
2
(
B˜LW˜
0
LH˜
0
1LH˜
0
2L
)
MN


B˜L
W˜ 0L
H˜01L
H˜02L

+ h.c., (70)
where
MN =


M1 0 −mZsW cβ mZsW sβ
0 M2 mZcW cβ −mZcWsβ
−mZsW cβ mZcW cβ 0 −µ
mZsWsβ −mZcWsβ −µ 0

 . (71)
The diagonalization is done by a real orthogonal matrix ON ,
ONMNO
T
N = (diagonal). (72)
The mass eigenstates are given by
χ˜0AL = (ON)ABX˜
0
BL, (A,B = 1, · · · , 4), (73)
where
X˜0AL = (B˜L, W˜
0
L, H˜
0
1L, H˜
0
2L). (74)
We have thus Majorana spinors
χ˜0A = χ˜
0
AL + χ˜
0
AR, (75)
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with the mass Mχ˜0
A
.
We now give the interaction Lagrangian of the SUSY particles. First, the fermion-
sfermion-chargino interaction is given as
Lint = −g2χ˜−A(CR(l)iAXPR + CL(l)iAXPL)liν˜†X
−g2χ˜+A(CR(ν)iAX PR + CL(ν)iAXPL)νil˜†X
−g2χ˜−A(CR(d)iAX PR + CL(d)iAXPL)diu˜†X
−g2χ˜+A(CR(u)iAX PR + CL(u)iAX PL)uid˜†X + h.c., (76)
where the coefficients are
C
L(l)
iAX = (OR)A1U
ν
X,i,
C
R(l)
iAX = −
mli√
2mW cβ
(OL)A2U
ν
X,i,
C
L(ν)
iAX = {(OL)A1U lX,i −
mli√
2mW cβ
(OL)A2U
l
X,i+3},
C
R(ν)
iAX = 0,
C
L(d)
iAX = {(OR)A1UuX,i −
mui√
2mWsβ
(OR)A2U
u
X,i+3},
C
R(d)
iAX = −
mdi√
2mW cβ
(OL)A2U
u
X,i,
C
L(u)
iAX = {(OL)A1UdX,i −
mdi√
2mW cβ
(OL)A2U
d
X,i+3},
C
R(u)
iAX = −
mui√
2mW sβ
(OR)A2U
d
X,i. (77)
The interaction Lagrangian of fermion-sfermion-neutralino is similarly written as
Lint = −g2χ˜0A(NR(f)iAX PR +NL(f)iAX PL)fif˜ †X + h.c., (78)
where f stands for l, ν, d, and u. The coefficients are
N
L(l)
iAX =
1√
2
{[−(ON)A2 − (ON)A1tW ]U lX,i +
mli
mW cβ
(ON)A3U
l
X,i+3},
N
R(l)
iAX =
1√
2
{ mli
mW cβ
(ON)A3U
l
X,i + 2(ON)A1tWU
l
X,i+3},
N
L(ν)
iAX =
1√
2
[(ON)A2 − (ON)A1tW ]UνX,i,
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N
R(ν)
iAX = 0,
N
L(d)
iAX =
1√
2
{[−(ON)A2 + 1
3
(ON)A1tW ]U
d
X,i +
mdi
mW cβ
(ON)A3U
d
X,i+3},
N
R(d)
iAX =
1√
2
{ mdi
mW cβ
(ON)A3U
d
X,i +
2
3
tW (ON)A1U
d
X,i+3},
N
L(u)
iAX =
1√
2
{[(ON)A2 + 1
3
(ON)A1tW ]U
u
X,i +
mui
mW sβ
(ON)A4U
u
X,i+3},
N
R(u)
iAX =
1√
2
{ mui
mW sβ
(ON)A4U
u
X,i −
4
3
tW (ON)A1U
u
X,i+3}. (79)
Next, the interaction of sfermion-Z boson is presented as
L = −igZz(f˜ )XY f˜ †X∂µf˜Y Zµ + h.c.,
where
z
(f˜)
XY = T
f
3L
3∑
i=1
UfX,iU
f
Y,i −Qs2W δXY , (80)
and g2Z = g
2
2 + g
2
Y . The interaction of chargino or neutralino to Z boson is given as
L = −1
2
gZz
(χ˜0)
AB χ˜
0
Aγ
µPLχ˜
0
BZµ
−gZz(χ˜
−)
AB χ˜
−
Aγ
µ
(
z
(χ˜−)
LABPL + z
(χ˜−)
RABPR
)
χ˜−BZµ, (81)
where
z
(χ˜0)
AB = ((ON)A3(ON)B3 − (ON)A4(ON)B4) ,
z
(χ˜−)
LAB =
(
1
2
(OL)A2(OL)B2 − c2W δAB
)
,
z
(χ˜−)
RAB =
(
1
2
(OR)A2(OR)B2 − c2W δAB
)
. (82)
The interaction of chargino and neutralino to W boson is also
L = −g2χ˜0Aγµ
(
w
(χ˜)
LABPL + w
(χ˜)
RABPR
)
χ˜−BW
+
µ + h.c., (83)
where
w
(χ˜)
LAB =
(
(ON)A2(OL)B1 +
1√
2
(ON)A3(OL)B2
)
,
w
(χ˜)
RAB =
(
(ON)A2(OR)B1 − 1√
2
(ON)A4(OR)B2
)
. (84)
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C Matrix elements of the off-shell slepton production
and decay processes
We present the matrix elements of the off-shell slepton production and decay processes
at l+i l
−
i collisions. First, we discuss the charged slepton pair production process with the
center of mass energy
√
s. The kinematics for the process (l−i (p) l
+
i (p¯)→ l˜−X(k) l˜+Y (k¯)) is
given as
p =
√
s
2
(1, 0, 0, 1),
p¯ =
√
s
2
(1, 0, 0,−1),
k = (
s+∆k2
2
√
s
,
√
s
2
βpsθ, 0,
√
s
2
βpcθ),
k¯ = (
s−∆k2
2
√
s
,−
√
s
2
βpsθ, 0,−
√
s
2
βpcθ), (85)
where
∆k2 = k2 − k¯2,
β2p =
1
s2
(
s2 − 2s(k2 + k¯2) + (∆k2)2
)
.
The amplitudes M(hh¯)XY with the helicity of l−i (l+i ) being h(h¯) are given as
M(+−)XY (k2, k¯2) = −sβpsθ

e
2
s
δXY +
g2Z
s−m2Z
z
(l˜)
XY z
(l)
R +
∑
A
1
2
g22
t−M2
χ˜0A
N
R(l)
iAXN
R(l)
iAY

 ,
M(−+)XY (k2, k¯2) = sβpsθ

e
2
s
δXY +
g2Z
s−m2Z
z
(l˜)
XY z
(l)
L +
∑
A
1
2
g22
t−M2
χ˜0
A
N
L(l)
iAXN
L(l)
iAY

 ,
M(++)XY (k2, k¯2) = −
∑
A
√
s
g22
t−M2
χ˜0A
N
R(l)
iAXN
L(l)
iAYMχ˜0A ,
M(−−)XY (k2, k¯2) = −
∑
A
√
s
g22
t−M2
χ˜0A
N
L(l)
iAXN
R(l)
iAY Mχ˜0A ,
where z
(l)
L (z
(l)
R ) = −1/2 + s2W (s2W ) and t = (∆k2)2/4s− s(1 + β2p − 2βpcθ)/4. Form these
amplitudes the cross section of the on-shell charged slepton pair production (l−i l
+
i →
l˜−X l˜
+
Y ) is given as
dσ
dcθ
=
1
2s
βp
16pi
∑
hh¯
∣∣∣M(hh¯)XY (m2l˜X , m2l˜Y )
∣∣∣2 , (86)
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where Σhh¯ means the average over the helicities of the initial beams. Similarly, the helicity
amplitudes of off-shell sneutrino pair production (l−i (p) l
+
i (p¯) → ν˜X(k) ν˜Y (k¯)) are given
as
M(+−)XY (k2, k¯2) = −sβpsθ

 g
2
Z
s−m2Z
z
(ν˜)
XY z
(l)
R +
∑
A
1
2
g22
t−M2
χ˜−A
C
R(l)
iAXC
R(l)
iAY

 ,
M(−+)XY (k2, k¯2) = sβpsθ

 g
2
Z
s−m2Z
z
(ν˜)
XY z
(l)
L +
∑
A
1
2
g22
t−M2
χ˜−A
C
L(l)
iAXC
L(l)
iAY

 ,
M(++)XY (k2, k¯2) = −
∑
A
√
s
g22
t−M2
χ˜−A
C
R(l)
iAXC
L(l)
iAYMχ˜−A
,
M(−−)XY (k2, k¯2) = −
∑
A
√
s
g22
t−M2
χ˜−
A
C
L(l)
iAXC
R(l)
iAYMχ˜−A
.
Next, we show the matrix elements for the decay processes of the off-shell slepton.
Now we assume that sleptons decay to two-body states. Those for l˜−X → χ˜−A νi (MXAi)
are
MXAi(k2) = g2CL(ν)iAX
√
k2βd, (87)
where k2 is square of the momentum of the slepton and βd = 1−M2χ˜−A/k
2. We ignore the
lepton mass. The partial decay width of the on-shell slepton is
Γ =
1
16piml˜X
βd
∣∣∣MXAi(ml˜X )
∣∣∣2 . (88)
The matrix elements for l˜X → χ˜0A li with the helicity of li being h (M(h)XAi) are
M(+)XAi(k2) = g2NR(l)iAX
√
k2βd,
M(−)XAi(k2) = g2NL(l)iAX
√
k2βd. (89)
Similarly, the matrix elements for ν˜X → χ˜+A li with the helicity of li being h (M(h)XAi) are
M(+)XAi(k2) = g2CR(l)iAX
√
k2βd,
M(−)XAi(k2) = g2CL(l)iAX
√
k2βd, (90)
and those for ν˜X → χ˜0A νi are
MXAi(k2) = g2NL(ν)iAX
√
k2βd. (91)
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D Partial decay widths for charginos and neutralinos
In this Appendix, we present the partial decay widths of charginos and neutralinos to
three-body states. The partial decay width of chargino into neutralino is
Γ(χ˜−A → χ˜0Bf¯↑if↓j) = NC
1
256pi3
∫
|M|2Mχ˜−Adxdy, (92)
where NC is a color factor (NC = 3 for (f¯↑i, f↓j) = (u¯, d) and NC = 1 for (f¯↑i, f↓j) = (ν¯, l)).
The squared amplitude is
|M|2 = 2A2L(1− y)(y − r2χ˜B) + 2A2R(1− x)(x− r2χ˜B)
−4ALARrχ˜Bz, (93)
and the coefficients are given as
AL =
g22√
2

 w
(χ˜)
LBA
z − r2W
−∑
X
1√
2
C
L(f↑)
iAX N
L(f↓)
jBX
y − r2
f˜↓X

 ,
AR =
g22√
2

 w
(χ˜)
RBA
z − r2W
+
∑
X
1√
2
C
L(f↓)
jAX N
L(f↑)
iBX
x− r2
f˜↑X

 .
Here, we ignore the Yukawa interaction of Higgsinos. The mass ratios rχ˜B , rW , rf˜↑X , and
rf˜↓X are defined as
rχ˜B =
Mχ˜0
B
Mχ˜−A
, rW =
mW
Mχ˜−A
,
rf˜↑X =
mf˜↑X
Mχ˜−A
, rf˜↓X =
mf˜↓X
Mχ˜−A
.
The boundary condition of the phase space is given as
z(xy − r2χ˜B) ≥ 0,
r2χ˜B ≤ x, y ≤ 1, (94)
and x+ y + z = 1 + r2χ˜B .
The partial decay width of neutralino into the lighter neutralino is given as
Γ(χ˜0A → χ˜0B f¯ifj) = NC
1
256pi3
∫
|M|2Mχ˜0
A
dxdy, (95)
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The squared amplitude is
|M|2 = 2(A2LL + A2RR)(1− y)(y − r2χ˜B) + 2(A2LR + A2RL)(1− x)(x− r2χ˜B)
−4(ALLARL + ARRALR)rχ˜Bz, (96)
and the coefficients are given as
ALL =
1
2
g2Z
z
(χ˜0)
BA z
(f)
L
z − r2Z
−∑
X
1
2
g22
N
L(f)
jAXN
L(f)
iBX
y − r2
f˜X
,
ARL = −1
2
g2Z
z
(χ˜0)
BA z
(f)
L
z − r2Z
+
∑
X
1
2
g22
N
L(f)
iAXN
L(f)
jBX
x− r2
f˜X
,
ALR =
1
2
g2Z
z
(χ˜0)
BA z
(f)
R
z − r2Z
+
∑
X
1
2
g22
N
R(f)
iAX N
R(f)
jBX
x− r2
f˜X
,
ARR = −1
2
g2Z
z
(χ˜0)
BA z
(f)
R
z − r2Z
−∑
X
1
2
g22
N
R(f)
jAXN
R(f)
iBX
y − r2
f˜X
,
where z
(f)
L (z
(f)
R ) = T3L−Qs2W (−Qs2W ). Here, we also ignore the Yukawa interaction. The
mass ratios rχ˜B , rZ , and rf˜X are defined as
rχ˜B =
Mχ˜0B
Mχ˜0A
, rZ =
mZ
Mχ˜−
A
, rf˜X =
mf˜X
Mχ˜−
A
.
The boundary condition of the phase space is the same as that in Eq. (94).
E Energy and IP distribution of muon from tau de-
cay in flight
In this Appendix we present the energy and the IP distribution of muons from decays of
tau leptons in flight with the fixed energy Eτ . Here, we define σIP as distance between
the interaction point where the tau lepton is produced and the track of muon.
First, we show the angular distribution of muon from tau lepton in flight. The mo-
mentum of tau lepton is given as Eτ (1, 0, 0, 1), and that of muon is Eµ(1, sθcφ, sθsφ, cθ).
In this basis, the angular distribution is
dΓ
Γ
= ρ(γτθ, z)dzd(γτθ), (97)
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where z = Eµ/Eτ , γτ = Eτ/mτ . The distribution function ρ(y, z) is
ρ(y, z) = 4z2y
(
3(1 + y2)− 2z(1 + y2)2 + Pτ
{
(1− y2)− 2z(1− y4)
})
(98)
where Pτ is the helicity of tau lepton. Here, we take a limit of γ
−1
τ → 0. The boundary
condition is
0 ≤ (γτθ)2 ≤ 1/z − 1,
0 ≤ z ≤ 1. (99)
By integrating θ, the energy distribution of muon from decay of tau lepton in flight is
given as
dΓ
Γ
=
1
3
(1− z)(5 + 5z − 4z2 + Pτ (1 + z − 8z2))dz. (100)
Since σIP is defined as distance between the interaction point and the track of muon,
the IP parameter is
σIP ≡ βτγτctsθ ≃ c(γτθ)t, (101)
where t is time between production and decay of τ and β2τ = 1− 1/γ2τ . Then, the energy
and the IP distribution is
dΓ
Γ
=
∫ ∞
0
dt
ττ
e−
t
ττ ρ(
σIP
ct
, z)
dσIP
ct
dz
=
(
6∑
n=1
An
(
σIP
cττ
)n) dσIP
σIP
dz, (102)
where
A1 =
√
1/z − 1
(
12
5
z +
88
15
z2 − 64
15
z3 + Pτ (
4
15
z +
32
15
z2 − 32
5
z3)
)
e
− σIP
ττ
√
1/z−1 ,
A2 =
(
−8
5
z +
58
15
z2 − 34
15
z3 + Pτ (
4
15
z +
2
15
z2 − 2
5
z3)
)
e
− σIP
ττ
√
1/z−1
+
(
12z2 − 8z3 + Pτ (4z2 − 8z3)
)
Ei(− σIP
ττ
√
1/z − 1
),
A3 =
√
1/z − 1
(
28
15
z2 − 38
15
z3 + Pτ (− 8
15
z2 − 2
15
z3)
)
e
− σIP
ττ
√
1/z−1 ,
A4 =
(
1
15
z2 − 1
15
z3 + Pτ (− 1
15
z2 +
1
15
z3)
)
e
− σIP
ττ
√
1/z−1
+
(
2z2 − 8
3
z3 − 2
3
Pτz
2
)
Ei(− σIP
ττ
√
1/z − 1
),
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A5 =
√
1/z − 1
(
− 1
15
z3 + Pτ
1
15
z3
)
e
− σIP
ττ
√
1/z−1 ,
A6 =
(
− 1
15
z3 +
1
15
Pτz
3
)
Ei(− σIP
ττ
√
1/z − 1
).
Here ττ is the life time of tau lepton, and Ei(x) is Exponential Integral,
Ei(−x) = −
∫ ∞
x
1
t
e−tdt.
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(GeV) tan β = 3 tanβ = 10
mχ˜0
1
56 58
mχ˜0
2
105 103
mχ˜−
1
100 100
mν˜µ 180 180
mµ˜L 194 197
mµ˜R 159 164
µ 244 200
Table 1: The sample SUSY parameters in our calculation. We fix the lightest chargino
mass (mχ˜−
1
) 100 GeV and the muon sneutrino mass (mν˜µ) 180 GeV. The lightest and
the second-lightest neutralino masses (mχ˜0
1
, mχ˜0
2
), the left-handed and the right-handed
smuon masses (mµ˜L , mµ˜R), and other SUSY parameters are calculated by solving the
RG equations, assuming the minimal supergravity scenario and the GUT relation for the
gaugino masses. Here, the Higgsino mass parameter µ is determined by the radiative
electroweak symmetry breaking condition with µ > 0.
tan β = 3 tanβ = 10
e˜+L e˜
−
L 146 136
µ˜+L µ˜
−
L (τ˜
+
L τ˜
−
L ) 30 26
ν˜eν˜
c
e 957 966
ν˜µν˜
c
µ(ν˜τ ν˜
c
τ ) 18 18
Table 2: Cross sections in fb for the left-handed slepton production at the e+e− collider
with
√
s = 500 GeV. We fix mν˜µ=180 GeV, ∆mν˜=1 GeV and θν˜=0. The other SUSY
parameters are the same as in Table (1).
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tan β = 3 tanβ = 10
Br(µ˜−L(e˜
−
L)→ µ−(e−)χ˜01) 0.05 0.08
Br(µ˜−L(e˜
−
L)→ µ−(e−)χ˜02) 0.39 0.41
Br(µ˜−L(e˜
−
L)→ νµ(νe)χ˜−1 ) 0.56 0.51
Br(τ˜−L → τ−χ˜01) 0.06 0.12
Br(τ˜−L → τ−χ˜02) 0.38 0.38
Br(τ˜−L → ντ χ˜−1 ) 0.56 0.50
Br(ν˜µ(ν˜e)→ νµ(νe)χ˜01) 0.30 0.26
Br(ν˜µ(ν˜e)→ νµ(νe)χ˜02) 0.14 0.15
Br(ν˜µ(ν˜e)→ µ−(e−)χ˜+1 ) 0.56 0.59
Br(ν˜τ → ντ χ˜01) 0.30 0.26
Br(ν˜τ → ντ χ˜02) 0.14 0.15
Br(ν˜τ → τ−χ˜+1 ) 0.56 0.59
Table 3: Branching ratios for the left-handed slepton decays. The input parameters are
the same as in Table (1).
tanβ = 3 tanβ = 10
Br(χ˜−1 → 2jetsχ˜01) 0.63 0.65
Br(χ˜−1 → l−ν¯lχ˜01) 0.12×3 0.12×3
Br(χ˜02 → 2jetsχ˜01) 0.23 0.49
Br(χ˜02 → l−l+χ˜01) 0.14×3 0.09×3
Br(χ˜02 → νlν¯lχ˜01) 0.12×3 0.08×3
Table 4: Branching ratios of the lightest chargino and second-lightest neutralino three-
body decays. The input parameters are the same as in Table (1).
tan β = 3 tanβ = 10
µ˜+L µ˜
−
L 146 136
τ˜+L τ˜
−
L (e˜
+
L e˜
−
L ) 30 26
ν˜µν˜
c
µ 957 966
ν˜τ ν˜
c
τ (ν˜eν˜
c
e) 18 18
Table 5: Cross sections in fb for the left-handed slepton production at the µ+µ− collider
with
√
s = 500 GeV. The input parameters are the same as in Table (1).
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σcutIP 10µm 30µm (∞)
pµ 0.02 0.04 0.09
pτ 0.88 0.82 0.64
Table 6: The tau identification probability pτ and the the muon misidentification proba-
bility pµ for the IP cut σ
cut
IP = 10 and 30µm, and ∞. The parameter set is the same as in
Fig. (6).
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∆m
ν 
(G
eV
)
(b)
~
Figure 1: a) The mixing angle between the tau and muon sneutrinos (sin 2θν˜) and b) the
mass difference (∆mν˜) between the two non-e-like sneutrinos as a function of the right-
handed neutrino scale. Here, we take m2ντ = 0.005 eV
2, θD = pi/4, and m¯ν˜ = 180 GeV.
For simplicity, the gaugino masses in the MSSM are given by the GUT relation, and the
lightest chargino mass is taken to be 100GeV. The other parameters are determined in
the minimal supergravity scenario and the radiative breaking condition of SU(2)L×U(1)Y
with the Higgsino mass (µ) positive. Solid line, dashed line, and dash-dot line are for
tan β = 3, 10, and 30.
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Figure 2: Branching ratio of τ → µγ as a function of the right-handed neutrino scale.
The input parameters are the same as in Fig. (1). The long-dashed line is the current
experimental bound.
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Figure 3: Cross sections of (a) e+e− → τ+µ− + χ˜−1 χ˜+1 and (b) e+e− → τ+µ− + χ˜02χ˜02 at
the center mass energy 500GeV. We show them as as functions of ∆mν˜ and sin 2θν˜ . Here,
we take the sample SUSY parameter set for tanβ = 3 listed in Table (1).
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Figure 4: Cross sections of (a) e+e− → τ+µ− + χ˜−1 χ˜+1 and (b) e+e− → τ+µ− + χ˜02χ˜02 at
the center mass energy 500GeV. We show them as functions of ∆mν˜ and sin 2θν˜ . Here,
we take the SUSY sample parameter set for tanβ = 10 listed in Table (1).
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Figure 5: Cross sections of (a) µ+µ− → τ+µ− + χ˜−1 χ˜+1 and (b) µ+µ− → τ+µ− + χ˜02χ˜02 at
the center mass energy 500GeV. We show them as functions of ∆mν˜ and sin 2θν˜ . Here,
we take the sample SUSY parameter set for tanβ = 3 listed in Table (1).
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Figure 6: Energy distribution of µ from decaying τ in flight. The τ comes from the sneu-
trino pair production and the decay to chargino with the center mass energy 500GeV.
Here, we take the sneutrino mass 180GeV, the chargino mass 100GeV. The energy distri-
bution of the τ is flat between Eminµ and E
max
µ . The solid and dashed lines are the energy
distributions of µ from decaying τ with polarization −1 and +1, respectively.
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Figure 7: Energy distribution of µ from decaying τ , surviving after requiring the IP cut
σIP < σ
cut
IP = 10, 30, 50, 90µm. The τ comes from the slepton decay. The input parameter
set is the same as in Fig. (6).
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Figure 8: Energy distribution of µ from decaying τ after the IP cut σIP < σ
cut
IP as the
ratio to Eµ distribution without σIP cut. The input parameter set is the same as in
Fig. (6).
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Figure 9: Probability pµ that ν˜ production and its decay into τ is mis-identified as
ν˜ → µχ˜ when some σcutIP are applied in addition to the energy cut Eµ > Eminµ . The
parameter set is the same as in Fig. (6).
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Figure 10: Significance contours corresponding to 3σ discovery as functions of sin 2θν˜
and ∆mν˜ . The dashed-dot (solid) line is for a e
+e− (µ+µ−) collider with the center mass
energy 500GeV. We assume integrated luminosity L = 50fb−1. For the e+e− collider we
take σcutIP = 10µm. Here, we take the sample SUSY parameter set for tanβ = 3 listed in
Table (1). We also show contours of the constant τ → µγ branching ratio, 10−7, 10−8,
10−9, and 10−10 by the dashed lines.
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